INTRODUCTION
============

Erectile dysfunction (ED) is a multifactorial disorder that is defined as the inability to attain and maintain a penile erection sufficient for sexual intercourse \[[@B1]\]. A recent analysis of published work, reported by the International Consultation Committee for Sexual Medicine on Definitions/Epidemiology/Risk Factors for Sexual Dysfunction, showed that the prevalence of ED ranges from 1% to 10% in men younger than 40 years and from 2% to 9% in men between 40 and 49 years old. Prevalence increases significantly in elderly men; reported prevalences are from 20% to 40% in men aged 60 to 69 years and from 50% to 100% in men aged \>70 years \[[@B2]\] Current first-line therapy to treat ED is the use of oral phosphodiesterase type 5 inhibitors. However, up to 35% of ED patients may fail to respond to this therapy. These patients require an alternate therapy such as intracavernosal injections, vacuum erectile devices, or a penile prosthesis. Penile prosthetics offer a surgical solution that can restore erectile function in the most refractory of cases regardless of etiology.

First, we must define a penile prosthesis and the characteristics of such a device. A penile prosthesis is a device, either external or implanted, that substitutes for or supplements the function of the erectile bodies to achieve penile rigidity, thus simulating an erection. In broad terms, prosthetics are used to restore function and make the body \"whole\" again. As such, the ideal penile prosthetic device for ED treatment would mimic a native physiologic erection as closely as possible, both in function and appearance. It should perform the mechanical duties necessary for successful intercourse when erect and be durable enough for many uses to match the lifespan of the patient. When not in use, the penile prosthetic would mimic the flaccid state of the penis and be discreet. The ideal prosthetic device would also not interfere with urination or other activities of daily living. As a component of the sexual experience, the prosthetic should maintain or improve the quality of the sexual experience for the patient (i.e., sensation, spontaneity). The ideal prosthesis could also be implanted in a simple surgical procedure with minimal recovery time.

While oral phosphodiesterase type 5 inhibitors have only been available since the late 1990s \[[@B3]\], the availability of penile implants to treat ED dates to the 1930s. Yet, it was in the late 1960s and early 1970s that the modern era of penile prostheses really began. Although present-day iterations of the penile prosthesis as characterized by models such as the American Medical Systems (AMS) 700 LGX and Coloplast Titan have made substantial progress towards the ideal penile prosthesis when compared to prostheses designed in the 1970s, significant improvements can still be made. Herein, we describe the history of penile prosthetics and the quest to constantly improve the technology.

EARLY HISTORY OF PENILE IMPLANTS
================================

The earliest documentation of an artificial penis for medical use dates to the 16th century. Ambroise Pare is credited with making the first artificial penis from a wooden pipe for a patient to facilitate micturition \[[@B4]\]. The earliest documentation of a penile implant to treat ED, however, is credited to Nikolaj Bogoraz. In 1936, Bogoraz used tailored rib cartilage to provide rigidity to the penis \[[@B5]\]. Bergman, Howard, and Barnes also used a rib graft for penile reconstruction and in 1948 reported satisfactory intercourse results 4 months after completion of the procedure \[[@B6]\]. Rib cartilage was not a viable implant material, however, because if infection occurred, which it often did, the cartilage tended to curve in on itself within 18 months and become totally absorbed within several years. This unfortunately resulted in a permanently curved, nonfunctional penis \[[@B6]\].

Dr. Scardino, a surgeon in the United States, was likely the first person to use synthetic material for a penile implant in 1950 but the data were unpublished. Thus, the first descriptions of alloplastic implants for erectile rigidity are attributed to Goodwin and Scott who in 1952 reported on five patients with acrylic prostheses. Acrylic, a synthetic polymer, offered the advantages of being readily available, not absorbed by the body, and moldable to various shapes. The prostheses were positioned beneath Buck\'s fascia and there were few reported successes. Drs Loeffler and Sayegh also reported on the use of acrylic prostheses in 1960 with little discussion on placement technique except that \"the prosthesis was inserted between the corpora cavernosa and fixed in position\" \[[@B6],[@B7]\].

In the late 1960s and early 1970s, improvements in surgical technique and the development of silicone rubber were significant advancements in the modern era of penile implant surgery \[[@B7]\]. Dr. Beheri, a plastic surgeon in Cairo, Egypt, is credited with the first descriptions of intracavernosal placements of penile prostheses utilizing polyethylene rods. By 1966, Beheri reported performing 700 such procedures and described his technique of placing the rod beneath the tunica albuginea and using a Hegar dilator to create a tunnel for the prosthesis. The result was an erect penis that was more rigid, less painful, and less likely to erode than previous implants. However, polyethylene was still an inadequate implant material because it was too stiff and rigid \[[@B8]\]. Beheri\'s data also did not gain much traction in the urology community because the data appeared in the plastic surgery literature and not in urology publications \[[@B7],[@B9],[@B10]\].

In the 1960s the space program developed silicone rubber for human implantation, and it was eventually determined to be a satisfactory and adequate material for penile implantation \[[@B7]\]. As early as 1967, Pearman described placement of a solitary silicone rod between Buck\'s fascia and the tunica albuginea, which caused significant pain; thus, long-term results were unsatisfactory. Pearman subsequently changed his technique and, like Beheri, placed the prosthesis beneath the tunica albuginea in a space dissected with Hegar dilators. Within the next decade, two new silicone prosthetic devices would be introduced: the inflatable penile prosthesis and the malleable prosthesis. The legacy of these two devices is indelible as the mechanics for all present-day penile implants used can be traced back to one of these prototypes.

In 1973, Dr. Scott and colleagues described a novel penile prosthetic device that used inflatable silicone cylinders, which was a significant departure from prior rod concepts. The device had three components: a reservoir, a control-pump mechanism, and two cylindrical Dacronreinforced silicone bodies all linked by tubing. The rigidity of the device came from transfer of fluid from a reservoir to intracavernosal cylinders via a pump mechanism. When not in use, the fluid was returned to the reservoir. This hydraulic mechanism better mimicked a physiologic erection in the flaccid and rigid states than did previous devices \[[@B11]\]. Initial devices had high mechanical failure rates, however, because the silicone was a poor material for wear and elasticity.

In 1974, Small and Carrion developed a penile implant made up of a pair of rods with silicone-sponge interiors and a silicone exterior. These were precursors to the modern-day malleable or semi-rigid implant. The implants were available in 16 different lengths and 3 different diameters because the appropriate size and length could not be determined before surgery ([Fig. 1](#F1){ref-type="fig"}) \[[@B12]\]. Trimming the devices was eventually introduced to decrease hospital inventory. One major drawback of the Small-Carrion implant was that it would spring back and recoil, meaning that the implant would not stay in a bent position (to mimic the flaccid state) and would essentially be in a permanently erect state \[[@B13]\].

DEVELOPMENT AND REFINEMENT OF MALLEABLE TECHNOLOGY SINCE THE 1970S
==================================================================

The permanently erect state issue of the Small-Carrion implant was addressed by both Drs. Subrini and Finney through the use of a softer silicone in the midsection of the penile device. This improvement allowed the device to be bent downward when not in use, improving concealment of the implant. Subrini described his preliminary experience in 1974, whereas Finney introduced his device, the \"Flexirod,\" in 1977 \[[@B13]\]. The Flexirod device had a tapered distal tip for better glans stability, a soft hinge for improved concealment, and a tail that could be trimmed \[[@B14]\].

In 1978, Jonas designed a penile prosthesis that approached malleability in a different way. The Jonas implant was characterized by the silicone being wrapped around a central core of metal, such as stainless steel or twisted silver wire, which allowed the device when bent to remain in that configuration \[[@B13]\]. The design of the Jonas prosthesis also allowed for easier implantation into the penis.

In 1986, Dacomed introduced the Omniphase prosthesis \[[@B8]\]. The Omniphase (and its successor the Duraphase) was a mechanically activated penile implant that could alternate between the flaccid and the rigid state, depending on the tensions of a supporting central cable. It was specifically designed to avoid pumps, valves, and fluid and the potential danger of leakage compared with inflatable penile prostheses, which were being developed around the same time \[[@B15]\]. It combined the desirable properties of easy concealment, rigidity for intercourse, and a simpler surgical technique. The Omniphase and the Duraphase devices were eventually phased out of the market because of cable failure and the need for replacement \[[@B16]\].

In the United States, the penile prosthesis market favors inflatable penile prostheses and is dominated by two companies, AMS and Coloplast (formerly Mentor). Both companies still manufacture malleable penile implants, such as the AMS 600 and AMS 650 and Coloplast Genesis \[[@B16]\]. The soft silicone rods originally manufactured in France by Subrini are currently made in several countries, mainly in Europe and China, under various names \[[@B17]\]. These contemporary iterations of the malleable prosthesis are simple and durable and mechanical failure is quite rare. However, the tissues that support the device can be prone to erosion with direct interface of soft tissues and a more rigid mechanical prosthetic.

IMPROVEMENTS IN INFLATABLE TECHNOLOGY
=====================================

The original inflatable penile prosthesis conceived by Scott et al was manufactured and marketed by AMS, which Dr. Scott helped found. Initially referred to as inflatable penile implant, its name was changed in 1983 to the AMS 700 ([Fig. 2](#F2){ref-type="fig"}) \[[@B10]\]. From 1983 to 1987, a number of design developments were made to the AMS 700. These improvements included front and rear tips, polytetrafluoroethylene (PTFE) sleeves that enhanced durability, and a suture-less connecting system that reduced the risk of device leakage. Kink-resistant tubing was added in 1986, which resulted in more forgiving measurements in tubing length and fewer complications. In 1987, the PTFE sleeves were replaced with a multilayer design in which the inner silicone tubing expanded against an inner silicone-covered woven fabric layer to better facilitate adequate expansion. A friction-reducing Parylene coating on the cylinder was added in 2000 \[[@B4],[@B14]\]. These stepwise improvements increased durability and standardized implantation technique.

One noteworthy design development was the controlled expansion of the intracavernosal cylinders. Historically, the inflatable prosthesis was designed so that it expanded to a set volume and the implant would become rigid and incapable of further pumping. This was also determined by the elasticity of the material. Launched in 1987 by replacing the inner layer of woven fabric with a polypropylene resembling Dacron, controlled expansion allowed the prosthesis to be rigid enough for erection over a wider range of volumes. It has since become as well the standard for all inf latable prosthesis cylinders \[[@B10]\]. Further refinements with controlled expansion are characterized by the AMS LGX device, which allows for expansion in the longitudinal as well as radial dimensions. This was first described in a US patent application filed in 1985: \"\[the cylinders\] may expand relatively freely in the longitudinal direction when the high modulus transition in radial expansion is reached (US 4651721 A).\" For patients, this design allowed for a more physiologic erection that lengthened as well as radially expanded.

In 1983, Mentor, a competing manufacturer, introduced the Bioflex penile prosthesis. The AMS 700 and Bioflex prostheses were similar in structural design, but the Bioflex implant had polyurethane cylinders, which improved elasticity as well as tensile strength. The polyurethane did not allow for uncontrolled expansion, whereas cylinders made entirely f rom silicone rubber did \[[@B10]\]. These improvements in material and design have allowed the mechanical longevity of the device to more closely match that of the patient, with 88% of devices remaining fully functional at 10 years.

Additional implant improvements occurred in terms of user experience. Modern devices come with lock-out valves to prevent auto-inflation due to extrinsic pressure on the reservoir \[[@B14]\], one-touch release valves to facilitate deflation, and better designed tactile pumps that facilitate manipulation in patients with limited dexterity \[[@B18]\]. These incremental design changes resulted in substantial gains in how the patient interacted with and experienced the device.

Attempts to reduce the number of implanted components, yet maintain the advantages of an inflatable penile prosthesis, were undertaken in the 1990s with the introduction of the AMS Dynaflex. The Dynaflex was a unitary inflatable penile prosthesis that consisted of paired cylinders with all operating components contained within. The device was activated by manipulation of the distal tip, allowing a few milliliters of fluid from the proximal reservoir to expand the central component. It deflated by bending the device more than 55 degrees from its axis. It suffered from difficulty manipulating two separate cylinders, as well as poor resistance to buckling. An alternative approach was taken with the two-piece penile prosthesis, which did not need an abdominal reservoir, but had the pump also act as a reservoir and store fluid for transfer. Because of the scrotal location, the reservoir had a limited capacity of 15 to 20 mL. Models that characterized this approach were the AMS Ambicor and the Mentor Mark II. This approach also suffered in rigidity compared with a 3-piece model and did not become as flaccid with deflation. These devices may be of particular benefit where reservoir implantation is technically challenging or risky.

In 2000, AMS introduced the InhibiZone coating, which impregnated the external surfaces of their devices with rifampin and minocycline. This reduced infectious complications from 1.61% to 0.68% in one study \[[@B19]\]. Coloplast followed suit with a hydrophilic coating to adhere antibiotics to its surface, which purportedly allowed greater flexibility in antibiotic choice with reductions in infection rates to 1% to 2% in first-time implants with no risk factors \[[@B20]\]. Both approaches sought to address the dreaded complication of implant infection, which would necessitate removal of the whole device.

IMPROVEMENTS IN TECHNIQUE
=========================

While technological advancements were occurring, surgeons were also refining techniques for implantation. The focus turned to standardizing and simplifying the operation to allow for consistent and reproducible results. Tubing was color-coded to simplify connection. Specialized retractors such as the Scott retractor utilized hooks to allow exposure to the relevant anatomy. The Furlow insertor and Keith needle simplified the process of getting the distal tips of the cylinders into the glans without expanding the incision or risking damage to the device \[[@B10]\].

The Carrion-Rossello cavernotomes also added a tool to the implanter\'s armamentarium for fibrotic corpora. Fibrotic corpora can be particularly challenging as the planes of dissection are scarred down and inadvertent perforations are common. The cavernotome has backwards cutting teeth that allow a surgeon to tunnel a space in the fibrotic corpora more safely \[[@B21]\].

Increased implantation experience also resulted in refinements in technique that allowed for smaller incisions with less-invasive approaches such as single incision placement of all three components of an inflatable penile prosthesis and the use of penoscrotal, infrapubic, or even perineal approaches. With regards to reservoir placement, the most discreet position continues to be in the space of Retzius. As a result of increasing concern for injury to structures in this space related to adhesion formation, such as after robotic prostatectomy, alternate sites have been advocated. This ectopic reservoir placement is generally above the transversalis fascia. One common ectopic location is between the transversalis fascia and the rectus muscle \[[@B22],[@B23]\]. This location offers the advantage of reduced risk of injury to intra-abdominal structures but may be more palpable and prone to herniation. To accommodate this ectopic location, changes in reservoir design, such as a \"pancake\" shaped reservoir, were developed by AMS in 2006 to make the reservoir less palpable.

EXPANDED INDICATIONS
====================

As penile prosthesis technology has become more widely used, its indications have been expanded to treat concomitant disorders, such as Peyronie disease and priapism with concomitant ED. Peyronie disease, a scarring condition that results in penile deformity, is commonly associated with ED. Techniques to correct this deformity now include use of penile prostheses in patients with concomitant ED. An inflatable penile prosthesis is placed, the device is inflated, and the corpora are modeled around the device to correct the deformity \[[@B24]\]. Extended cases of ischemic priapism may also be treated with a penile prosthesis. Ischemic priapism lasting longer than 72 hours invariably results in ED, and early placement of a penile prosthesis may treat the resultant ED and priapism before severe fibrosis develops \[[@B25]\].

NEEDS AND FUTURE DIRECTIONS IN PENILE PROSTHETICS
=================================================

Despite the numerous advances described above ([Table 1](#T1){ref-type="table"}), modern penile prosthetics continue to have low uptake with less than 5% of potential candidates electing to undergo placement of such devices. The reasons for this are multifactorial. On the patient side, the device is still a ways off from mimicking a natural erection. It still requires user manipulation and although fairly discrete has palpable components, which affect the users\' perception of discretion. A penile prosthesis also carries risks of device malfunction, infection, and erosion. Certainly, improvements in prosthesis technology have significantly reduced these risks with device malfunction within 5 years being less than 2%. On the surgeon side, implantation continues to be a complex operation with only a small fraction of urologists undertaking these surgeries with any regular frequency. Given this, a number of surgical subtleties can affect the user satisfaction and outcomes from pump location to tubing palpability and proper device sizing. Outcomes do seem improved with high-volume implanters, but widespread adoption requires widespread support and encouragement within the medical community.

In the future, prosthetics will have increasing competition from emerging technologies that do not seek to replace or supplement the function of the native erectile bodies but to restore or improve dysfunctional aspects of the erectile pathway. This may come in the form of stem cell therapies, gene therapy, improved pharmaceuticals, or other forms of regenerative medicine \[[@B26],[@B27],[@B28],[@B29],[@B30],[@B31]\]. The advantages of such approaches would be that the patient\'s physiology maintains central control over the erectile response, producing a more natural erection \[[@B31]\]. If such approaches prove successful, they could further narrow the market for penile prosthetics to the more severe cases of ED. Where penile prostheses will likely continue to have a role will be in refractory cases, such as situations where the physiologic pathways are so disrupted that restoration is not possible. Additionally, because penile prostheses as a treatment are not etiology specific, they will continue to have a role in conditions that may be multifactorial and not easily addressed by correction of one part of the erectile pathway, such as comorbid neurologic and venous leak etiologies of ED.

It is the opinion of the authors that the main areas of improvement for penile prostheses will be in facilitating the user interface, simplifying the operation, enhancing reliability, and better mimicking a physiologic erection. To put the market for ED in perspective, approximately 25,000 prostheses are implanted in North America versus 296,000 breast implants in the United States alone annually \[[@B32],[@B33]\]. Certainly a penile prosthesis is a more complex device than a breast implant, but the argument still stands that the uptake for surgery for correction for ED is below where it could be. A large part of the reduced uptake is related to marketing, coverage issues, and physician education, but a significant part comes from the shortcomings of the device itself. An ideal device would be implanted in an outpatient or office setting in a simple fashion. The device ideally would not use a pump at all but could be under central nervous system control or be a single-touch kind of operation. This could be achieved through improvements in the area of controllable prosthetics, such as in limbs. A single-touch device would also present a significant leap forward in simplifying the user experience.

Although a hydraulic mechanism certainly is adequate, it depends on pressure and a reservoir and is prone to leakage. Valves are needed to control the flow and direction of fluid, as well as to resist forces encountered in normal use. If the end goal is to mimic a physiologic erection that expands and lengthens the penis, alternate materials may serve this purpose, from expandable foams that respond to external magnetic fields to stent technology that could expand and retract in a cage-like fashion. The future for penile prostheses will be determined by their ability to fit the need for a low-risk procedure that delivers on restoring the ability to resume sexual function.

CONCLUSIONS
===========

Penile implant usage dates to the 16th century yet penile implants to treat ED did not occur until nearly four centuries later. The modern era of penile implants has progressed rapidly over the past 50 years as physicians\' knowledge of effective materials for penile prostheses and surgical techniques has improved. Elements of the design from the first inflatable penile prosthesis by Scott and colleagues and the Small-Carrion malleable penile prosthesis are still found in present iterations of these devices. While there have been significant improvements in penile prosthesis design, the promise of an ideal prosthetic device remains elusive. As other ED therapies emerge, penile prostheses must continue to demonstrate a competitive advantage. A particular strength of prostheses is their efficacy regardless of etiology, thus allowing treatment of even the most refractory cases.
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###### Historical milestones in the development of penile prosthetics
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  Year   Historical milestones
  ------ -------------------------------------------------------------------------------------------------------------
  1936   Bogaraz uses rib cartilage as penile implant to treat erectile dysfunction
  1952   Goodwin & Scott report use of acrylic prostheses for erectile dysfunction
  1966   Beheri uses polyethylene rods and intracavernosal placement
  1967   Pearman describes placement of penile rod implant between Buck\'s fascia and the tunica albuginea
  1973   Scott, Tim, and Bradley invent inflatable penile prosthesis
  1974   Small, Carrion design silicone penile implant
  1978   Furlow invents implanter tool
  1978   Jonas designs penile implant characterized by silicone around metal core
  1983   Mentor makes three-piece inflatable implant with Bioflex material that improves durability
  1985   Surgitek and AMS introduce unitary inflatable implants
  1986   Dacomed unveils Omniphase prosthesis
  1987   Propylene used for inner layer of fabric, vastly improving controlled expansion design
  1992   Mentor reinforces and modifies silicone tubing in inflatables prostheses, decreases mechanical failure rate
  1995   Rossello invents cutting dilators and coins the term \"cavernotome\"
  2000   Mentor designs \"lock out valve\" to minimize autoinflation
  2001   AMS introduces InhibiZone coating on implants to prevent bacterial colonization
  2002   Coloplast produces Titan implant which has hydrophilic coating
  2004   AMS introduces Tactile pump design for easier inflation in 700 series
  2006   AMS presents Momentary Squeeze for easier deflation
  2006   AMS patents flattened reservoir design
  2008   Coloplast launches One Touch Release for easier deflation

AMS, American Medical Systems.
